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INTRCOUCriCW 


I 
j 

i 

In  the  early  phase  of  the  Mid  Ocean  Dynamics  Experiment  (MODI;)  in  1970 
and  '71  it  was  statistically  shown  tliat  the  dynamics  of  surface  moorings  lead  i 

to  a greater  contamination  of  current  meter  records  than  subsurface  moorings  j 

(Gould  and  Sambuoo,  1975) . At  tlie  same  time  numerous  controlled  laboratory  ( 

tests  of  current  measurement  sensors  were  illustrating  the  problems  of  sen-  ! 

sor  errors  in  the  presence  of  dynamics  (Kalvaitis,  1974).  It  became  pain- 
fully obvious,  though,  that  in  order  to  accurately  simulate  the  dynamics  of 
ocean  sensors  in  the  laboratory  it  was  necessary  to  )aiow  the  nature  of  the 
dynamics  on  particular  mooring  types.  Lacking  hard,  measured  data  on  real 
mooring  systems,  numerous  investigators  resorted  to  pure  mathematical  simu- 
lation of  these  moorings  (Dillon,  1973).  These  matliematical  simulations  fur- 
tlier  illustrated  the  types  of  problems  that  could  be  encountered,  but  none  of 
the  results  were  verified.  As  tlie  first  step  an  effort  to  inject  some  real 
data  into  this  morass  of  mathematica,  OMR  contracted  the  C.  S.  Draper  Labora- 
tory to  conduct  an  instrumented  test  of  a deep  ocean  current  measurerrEnt  nxx>r- 
ing  (Ch)iabra,  1974  and  Chhabra  et  al  1974)  of  the  type  normally  used  by  the 
Woods  Hole  Oceanographic  Institute  (Heinmiller  and  VJalden,  1973) . This 
work  gave  indications  of  the  errors  that  could  be  expected  fron  any  current 
sensors  fron  low  frequency  mooring  motions.  In  addition,  the  measured  current 
meter  records  were  used  as  the  forcing  function  in  a revised  estimate  of  the 
mooring  line  drag  coefficient  that  was  needed  in  order  to  result  in  the  t^^pe 
of  mooring  motion  tliat  was  acoustically  measured. 

Coincident  with  and  follcwing  this  program,  specialized  instrumentation 
was  developed  that  pennitted  tlie  at-sea  measurement  of  engineering  parameters, 
some  of  whidi  are  specifically  related  to  surface  moorings.  This  included  the 
development  of  Tenperature-Pressure  Recorders  (Wunsch  and  Dahlen,1974)  for 
monitoring  mooring  depth  excursions,  a ^rtable  Ocean  Platform  ^tion  instru- 
mentation PacJtage  (POPMIP)  for  monitoring  buoy  dynamics,  and  a Force  Vector 
Reorder  (FVR)  for  measuring  the  dynamics  and  forces  on  a meorinq  line.  With 
these  instruments  available,  a we 11 -co-ordinated , well-planned  series  of 
mooring  e^q^eriments  was  conducted  in  Hawaii  in  October  and  Noverrixur  of  1976. 

The  participants  in  these  experiments  were  from  numerous  laboratories  and 
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agencies  witiiin  the  U.  S. , all  of  whom  had  a oonimn  interest  of  making  useful  j 
measuranents  in  the  deep  ocean.  Ihe  goal  of  these  experiments  was  the  aogui-  i 
siticxi  of  all  of  the  requisite  data  for  the  verification  of  both  sub— surface  ^ 


and  surface  mooring  math  models.  Ihis  report  outlines  the  instruiTEnts  and 
the  role  of  the  C.  S.  Draper  Lab  in  what  become  known  as  the  Mooring 
^namics  Ejq^eriment  (MDE)  (Walden  et  al,  1977). 
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2.0 


SmWARy  OF  FIELD  TEST  PROGRAM 


I 


The  section  will  describe  the  field  test  procTram;  qivinq  a description 
of  the  moorinqs  installed,  tlieir  locations  and  a suntnary  of  the  results. 

2.1  Moorinq  Descriptions 

Six  nraorings  in  all  were  employed  in  the  MDE.  One  mooring  was  installed 
as  merely  a current  measurement  mooring  vMch  monitored  the  current  forcing  ! 

on  the  otlier  five  experimental  or  test  moorings.  It  was  the  first  mooring  ] 

installed-reoording  data  throughout  the  period  of  the  field  test  program. 

The  five  test  moorings  contained  an  abundance  of  dyn~  'ic  sensing  systems  on 
each.  Due  to  a limited  quantity  of  such  systems,  th  test  moorings  had  to 
be  installed  serially  such  that  the  sensor  systems  were  refurbished  between 
mcoring  installations. 

The  six  moorings  enployed  in  the  MDE  are  illustrated  in  Figures  1-5 
(Figure  2 deployed  twice  at  different  scopes) . The  information  contained  in 
these  figures  is  available  through  the  courtesy  of  the  Woods  Hole  Oceanographic 
Institute  (WHOI)  which  did  the  mooring  detailed  design,  installation  and  re- 
trieval. The  six  itoorings  will  be  described  below.  The  objectives  for  install- 
ing each  type  of  mooring  are  well-described  in  Walden  el  al  (1977) . The  loca- 
tions of  each  sensor  system  and  their  ranges  were  selected  by  employing  either 
the  NBDO  Hull/Mooring  Dynamic  Simulation  model  (frecjuency  donain  model)  or  the 
C.  S.  Draper  Lab  time  donain  mooring  simulation  model  (for  the  spar/sjahere 
mooring  only) , (Chhabra,  1976)  . The  mathematical  models  predicbid  the  mooring 
responses  at  specific  locations  resulting  from  assumed  wave  or  current  inputs. 

The  results  were  eitployed  to  place  FVEs  at  the  inost  energetic  or  interesting 
regions  of  moorings  and  to  place  T/Pr  at  key  positions  whose  depth  history’  was 
important  in  describing  mooring  shape  ar^vi  dynamics.  Furthermore,  tJie  T/Ps 
acted  as  a measure  of  redundancy  should  the  acoustic  pingers  fail  and  also  to 
give  specific  high-accuracy'  calibration  points  for  the  XBTs  used  tliroughout  the 
experiments . 

2.1.1  Current  Meter  Mooring 

Tlie  first  mooring  installed , and  tiie  last  retrieved  after  the  field  test 
program  was  over,  was  the  current  meter  moorinq  snown  in  Fiqure  1.  It  was 
placed  in  the  northern  part  of  the  test  ranqe  as  close  to  tlie  test  tixoorinqs  as 
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practical.  It  contained  five  VACW  current ireters,  twa  Niskin  current  nieters, 
and  a Low  Frequency  Tenperature/Pressure  Recorder  to  measure  moorinq  lean 
over.  Cbirputer  simulations  of  this  mooring  were  run  in  order  to  specify  the 
flotation.  The  design  goal  was  to  keep  lean  over  to  less  than  15°  in  the 
maximum  operational  current  profile  of  1 knot  from  the  surface  to  tne  bottom. 

The  VAQls  and  their  data  were  prepared  by  tlxe  Pacific  Marine  Environmental 
Lab  (PMEL) , Seattle,  Washington. 


2.1.2  Discus  Surface  Moorings  (Experiments  #1  and  #3) 

Figure  2 is  a schematic  representation  of  tlie  discus  mooring  that  was 
installed  twice.  The  first  time  it  was  installed  at  a scope  of  1.073  to  1 
(Ejqjeriment  #1)  and  the  second  time  (Eiperiment  #3)  at  a scope  of  1.006  to  1. 
Tlie  first  installation  (Exp.  #1)  was  at  tlie  following  co-ordinates  with  the 
given  total  magnetic  field  strength  value: 

Latitude:  22°  10'  31.0"  N. 

Longitude;  159°  56'  55.6"  W. 

Magnetic  Total  Intensity:  37,350  y 

while  the  second  installation  (Exp.  #3)  was  at  tJie  following  position: 

Latitude:  22°  10'  22.6"  N. 

Longitude:  159°  56'  39.4"  W. 

Magnetic  Total  Intensity:  37,350  y 

I'he  discus  mooring  is  typical  of  that  used  by  the  IClAA  Data  Buoy  Office 
(NDBO)  for  environmental  monitoring.  The  buoy  itself  was  a discus  sliape, 

3.65  meters  in  diameter,  containing  the  POPMIP  dynamic  sensing  package.  De- 
tails of  the  dynamic  modelling  parameters  and  techniques  for  the  discus  itself 
; are  available  from  NDBO  and  from  Kaplan  et  al  (1972) . It  should  be  obser'/od 

in  Figure  2 that  this  mooring  contains  2 different  lengtlis  of  3/4"  diameter 
nylon  between  the  460-meter  and  1400-weter  depth.  It  was  in  this  section  of 
line  that  the  mooring  scope  was  varied.  The  details  of  mooring  line  materials, 
diameters,  and  lengths  (in  a relaxed  condition)  are  shown  in  Figure  1.  55omc 
of  the  details  of  in-air  weights,  wetted  weights,  lateral  areas  and  buoyancies 


9 


required  for  modelling  the  instrunents  are  found  in  Table  1.  Certain  lateral 
areas  in  Table  re  left  blanJc  because  the  information  is  difficult  to  assess. 
The  sketches  o'  * deep  can  and  sub  can  pingers  are  shewn  in  Figures  6 
and  7 - alio  ng  a ocitputer  modeller  to  arrive  at  their  cwn  assessment  of 

area  and  added  mass.  Ihe  17“inch  (43  cm)  diameter  glass  balls,  employed  for 
buoyancy  at  many  locations  on  the  mooring,  contained  protective  hard  hats  and 
as  a result  the  added  mass  nay  be  difficult  to  estimate.  The  lateral  area  is, 
hewever,  given  in  Table  1 which  includes  1 meter  of  chain.  Individual  moor- 
ing madellers  should  nake  their  own  assessment  of  these  parameters. 

2.1.3  Spar/Sphere  Mooring  (Esgaeriment  #2) 

Figure  3 is  a sketch  of  the  mooring  oonfiguration  employed  in  Experi- 
nent  #2.  It  vras  located  as  follcws: 

Latitude:  22°  10'  31.0" 

Longitude:  159°  56'  41.0" 

Magnetic  Total  Intensity:  37,350  y 

Tlie  POPMIP  was  installed  in  the  lower  half  of  the  spar  itself  in  order 
to  monitor  its  dynamics.  Because  there  were  fears  that  POPMIP  might  not 
function  153  to  its  full  expectations,  the  PVR  (S/N  F3)  was  nroved  up  and 
attached  directly  to  the  bottom  of  the  spar.  This  change,  not  reflected  in 
Figure  3,  was  possible  because  the  all-aluminum  spar  buoy  would  theoretically 
not  interfere  with  the  earth's  nagnetic  field  vhich  tlie  FVR  relied  on  for 
azimuth  orientation.  A rigid  yoke  was  ej^seditiously  built  in  Kauai  which 
sipported  and  constrained  the  FVR  from  rotations  while  allowing  it  to 
sense  forces  along  the  longitudinal  axis  of  the  buoy*  The  placement  of  the 
FVR  at  this  location  gave  a mecisure  of  tension  at  the  buoy  which  would  have 
not  otherwise  been  available. 

In  order  to  increase  the  natural  heave  period  of  the  spar  an  added  mass 
tank  (55  gallon  oil  drum  with  nany  holes  drilled)  was  added  to  the  bottom  of 
the  section  beneath  the  spar.  In  order  to  ballast  the  fcuoy  upright  and  keep 
that  section  of  mooring  line  vertical,  a 45  kg  weight  was  placed  at  the  bottom 
of  the  added  toss  tank. 


A 
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Figure  6 - Deep-Can  Finger  Outline  Sketch 

(Information  suf>plied  b^’  WIIOI) 
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Table  1 


Modelling  Parameters  for  Key  Elements  on  ^DE  Moorings 
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Ill  order  to  monitor  the  excursions  of  a stiff,  buoyant  tether  between 
the  spar  and  the  subsurface  sphere,  a MPTP  was  placed  in  the  middle  of  the 
litie.  In  order  to  monitor  the  level  of  dynamic  forcinq  actinq  on  the  sub- 
surface sphere  and  tlie  effect  of  tlie  sphere  itself,  a FVR  was  placed  both 
above  and  below  tlie  spliere  as  shewn.  T/Ps  were  again  placed  at  other  stra- 
tegic locations  on  the  line  in  order  to  monitor  dynamics. 

An  interesting  feature  of  the  use  of  two  IIFTPs  in  Experiments  1,  2 and 
3 is  to  oonpare  the  time  history  of  the  pressure  record  from  each  in  an  effort 
to  use  the  data  for  wave  height  measurement.  This  feature  seems  possible  be- 
cause T/P  S/N  93  (at  ~ 7 m depth)  will  ejqierience  a pressure  signal  change 
frein  both  wave  height  and  buoy  vertical  displacenent.  T/P  S/N  92  (at  ~70  m 
depth)  will  experience  an  output  change  which  is  doninated  by  buoy  motion 
only  in  all  but  rather  heavy  seas  (not  encountered  here) . These  two  pieces 
of  data  with  two  unknowns  (wave  height  and  buoy  displacement)  should  allow 
a cut  at  a solution.  Ihe  synchronized  vertical  accelerometer  in  the  buoy- 
mounted  FVR  slxDuld  allow  an  independent  estirate  of  buoy  displacement  by 
a double  integration  of  the  z-axis  sensor  (assuming  buoy  tilt  is  rather  small) . 

2.1.4  High  Performance  Intermediate  Mooring  (Expernrent  #4) 

Figure  4 contains  a sketch  of  the  High  Performance  Intenrediate  Ftwring 
which  has  been  called  a Deep  Ocean  Current  Measurement  5?ystem  (DOCMS) . IVro 
IF’i’Ps  were  placed  on  the  mooring  for  tliree  purposes: 

(1)  Help  define  the  mooring  sliape  in  the  vertical  direction 
with  possibly  better  accuracy  than  the  range  pingers. 

(2)  Act  as  an  element  of  redundancy  in  defining  mooring  sliape 
if  range  pingers  slxauld  fail. 

(3)  Accurately  measure  low  frequency  mooring  lean  over  for 
correct ing  current  meter  records  for  mooring  motion. 

(4)  Provide  high  accuracy  I’c'^rerat’ ••"e-Depth  data  in  order  to 
refine  XBT  data  for  acoustic  ^ay  traces  of  pinger  position. 
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2.1.5  CEL  Subsurface  ftoorinq  (Experiment 

Figure  5 contains  a sketch  of  the  Civil  EngineerLig  I-aboratory 
test  raoorLng.  It  was  located  at  the  following  position  and  with  tlie  given 
earth's  magnetic  intensity: 

Latitude:  22°  o4 ' 01.0"  H. 

Longitude:  159°  53'  38.0"  W. 

Magnetic  Ibtal  Intensity:  36,250  y 

In  order  to  sirplify  mathematical  modelling,  tiiis  mooring  contained  only 
aluminum  spheres  for  buoyancy,  both  at  the  top  and  bottom.  Furtliermore , it 
contained  only  ciiain  and  wire  rope  for  ntxiring  line  elements. 

During  data  bursts  of  tlie  HPTP  and  the  four  FVRs,  mathematically 
modellable  dynamic  events  were  inposed  on  the  mnoring.  These  events  contained 
the  anchor  launch  and  release  as  well  as  five  otlier  events,  during  intermediate 
bursts  which  involved  artifically  pulling  the  top  of  the  mooring  over  and 
suddenly  releasing  it.  Such  events  caused  a step  function  in  lateral  force. 

The  results  of  this  experiment  should  be  well  documented  by  CEL  reports. 

2.2  Sumnary  of  Results 

Appendix  A contains  a sunr.iary  of  average  data  fron  botli  the  HITPs  and 
LPTPs  for  all  of  the  experiments.  These  data  are  averaged  either  over  a burst 
(for  EFTPs)  or  every  hour  (LFTPs) . This  section  contains  a narrative  surtmary 
of  the  cjualitative  results  fron  each  experiment  plus  a description  of  the 
timing  of  each  experiment  and  the  manner  in  which  the  time  word  is  written 
on  tiie  archived  tapes. 

Timing 

Lew  Frequency  Tenperature/Pressure  Recorders  (LFTPs)  - The  LFTPs 
were  all  started  together  at  1130  hours  local  Boston  time  or  1530  Zulu  on 
September  27,  1976.  They  all  recorded  data  continuously  cverv  four  minutes 
fron  that  time  to  the  end  of  tlie  experiment  tJeriod  recording^  data  whether  in 
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the  ocean  or  not.  The  archived  tapes  only  contain  data  frcan  the  ocean,  hcvever. 
The  time  designated  as  t = 0 on  the  data  tapes  is  when  the  instruments  were 
started.  Ihe  time  word,  written  in  the  first  column  of  the  data  tapes  is  the 
nunber  of  minutes  after  t = 0.  For  exanple,  20:00:00  hours  (Zulu)  on 
12  October  1976  just  before  the  anchor  launch  for  Experiment  No.  1 is  a time 
count  of  21,670  minutes  after  t = 0.  Ihe  anchor  was  launched  at  20:27:27 


Zulu  on  12  October  (see  Table  2)  or  at  approximately  21,897  minutes  on  the 


IfTP  data  tape.  All  times  for  si±)sequent  experiments  should  be  figured  relative 
to  the  same  t = 0 for  the  LFTPs. 

HFTPs  and  FVRs  - The  timing  word  which  is  archived  for  both  the 
High  Frequency  Temperature/Pressure  Recorders  (HFTP)  and  the  Force  Vector  Re- 
corders (FVR)  is  relative  to  a t = 0 at  the  beginning  of  the  first  recorded 
burst  in  a given  experiment.  The  precise  times  at  vhich  each  burst  began  are 
given  in  Tables  2 through  5 for  Experiments  1,  2,  3,  and  5.  It  should  be  c>b- 
served  in  these  tables  that  for  Experiments  1 and  3 (i.e..  Tables  2 and  4)  the 
first  burst  for  both  the  FVRs  and  HFTPs  occur  at  the  same  time.  In  ejq^eriments 
2 and  5 (i.e..  Tables  3 and  5),  however,  the  first  burst  from  the  HFEPs  occurs 
43  minutes  and  41  seconds,  or  one  HFTP  burst  repetition  period,  before  the  first 
FVR  burst.  This  difference  arose  due  to  the  differing  times  that  the  recorder 
enabling  (or  ON/QFF)  magnet  was  removed  from  the  instruments  relative  to  vhen 
they  would  nornally  have  a data  recording  burst.  Because  the  HFTPs  would 
burst  ^proximately  every  43  1/2  minutes  versus  approximately  every  87  minutes 
for  the  FVRs,  a magnet  removal  from  all  instruments  just  prior  to  the  HFTP-only 
burst  would  lead  to  the  timing  condition  shewn  in  Tables  3 and  5. 


Current  Meter  Moorir 


The  Low  Frequency  Tenperature/Pressure  Recorder  that  was  installed  at 
the  top  of  the  mooring  (S/N  84)  was  burtped  and  became  inoperable  at  launch. 
It  did  not  record  any  further  data  during  the  experiment.  It  was  found  tliat 
an  inadvertent  inpact  with  the  stern  of  the  ship  during  larnrch  had  unlatched 
the  tape  recorder  cassette  such  that  it  did  not  record.  The  data  that  would 
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liavn  been  recorded  was  to  be  used  in  estimating  the  lean  over  of  the  ciirreiit 
inetc'r  mooring  in  the  presence  of  currents.  Mathematical,  ccnputer  estimates 
can  still  be  made  based  on  both  the  value  of  current  measured  by  the  VAQ^ls 
and  the  Dropsonde  data. 

Escperiment  I'Juniber  1 - Slack  Discus  Surface  Mooring 

Table  2 is  a tabular  listing  of  the  timing  associated  with  Experiment 
#1.  It  can  be  seen  tliat  the  anchor- launch  dynamic  transient  was  measured  by 
all  of  the  FVRs,  HFTPs,  LFTPs,  and  Fingers.  The  anchor  was  dropped  approxi- 
mately 4 seconds  after  the  beginning  of  the  fourth  burst.  Ihe  anchor  took 
approxinrately  19  minutes  to  hit  botton  in  1700  neters  of  water.  As  a result, 
the  FVRs  were  unable  to  record  the  full  launch  transient  because  a burst  was 
less  tiian  16  minutes  in  duration.  Tlie  HE*EPs  and  LFTPs  did,  however,  record 
the  full  transient. 

The  data  from  the  near-bottom  FVR  load  cells  in  general  show  an  initial 
15  to  30  second  increase  in  tension  followed  by  a decrease  in  tension  follow- 
ing anchor  deployment.  Then  there  is  a gradual  buildup  in  tension  as  the 
anchor  settles  to  tlie  botton.  In  subsequent  bursts  the  tension  value  had 
diminished  to  a much  lower  level.  Hie  iraximum  tension  measured  during  the 
launch  transient  was  recorded  on  the  deepest  FVR,  installed  at  a 1400-meter 
depth.  Just  prior  to  the  anchor  bottoming  the  tension  had  built  up  to  approx- 
inately  750  pounds.  At  tire  beginning  of  the  next  burst,  approximately  72  min- 
uted later,  the  tension  had  dropped  to  approxirtately  250  pounds  as  the  mooring 
assumed  its  steady  orientation  in  the  water  column. 

The  FVRs,  HFTPs,  and  LFTPs  recorded  approxinately  98%  of  tire  possible 
data  durLng  the  deployment.  The  sensor  signals  appear  to  be  clean  and  dis- 
tinctive, indicating  that  much  useful  information  for  botlr  spectral  and  time 
response  correlation  can  be  derived.  Problems  that  were  onoountered  during 
tlris  deployment  are  briefly  described  on  the  right  side  of  Ihirle  2.  FTR  S/N  F’2 
had  a failure  of  the  x-axis  accelerameter  after  the  anclror  launch  transient 
burst.  S/N  F2  was  tire  deepest  aird,  as  a result,  the  coldest  of  all  FVRs.  It 
iTHy  have  been  a tliermally- induced  problem.  The  unit  \^ras  replaced  by  a spare 
sensor  and  the  problem  solved.  IIFTP  SA!91  encountered  a problem  witlr  <an 
intermittent  thermistor  connection.  Most  of  tire  teinx'rature  data  are,  Irowirvcr, 


good.  Ihe  oonnection  was  resoldered  and  the  problem  also  solved.  HFTP  S/N 
93  was  scaled  to  cerate  in  the  depth  range  of  0 to  19  meters.  For  some  un- 
determined reason  the  unit  ended  up  at  a depth  of  approximately  19  meters 
such  that  tile  dynamic  pressure  record  clipped  witn  each  wave  cycle  to  depths 
greater  than  19  meters.  This  problem  is  reflected  in  the  sumrary  found  in 
Ihble  A-4  {l^pendix  A).  The  unit  was  rescaled  to  a range  of  7.4  to  28.4 
meters  and  no  further  prciblem  encountered  in  later  deployments.  Table  2 also 
indicates  that  FVR  S/N  F3  had  a y-axis  accelercmeter  replaced  after  the  ex- 
periment. 'The  data  recorded  dviring  the  e:q)eriment  appear  to  be  excellent, 
but  sensor  oscillations  were  found  later  during  a lab  checkout.  Again  a sen- 
sor replacement  solved  the  problem. 

The  seas  encountered  during  the  17-hour  duration  of  Experiment  #1  were 
the  most  severe  of  all  the  five  ej^riments.  Swells  as  high  as  approxirately 
twD  meters  vere  measured  by  a v^rave  rider  buoy.  Thus  tlie  dynamics  encountered 
should  enable  a good  test  of  the  mathematical  models. 

E^^riment  Number  2 - Spar/Sp^^ere  Mooring 

A 99  + % data  return  was  adiieved  frcm  the  FVRs,  IIFTPs  and  LFTP  during 
the  second  mooring  deployment.  A slight  problem,  developed  \d.tii  HFTP  S/N  91 
near  tiie  end  of  tlie  experiment  such  tliat  its  data  became  unreadable.  Other- 
wise all  instruments  fuiictioned  flawlessly  giving  data  of  high  quality.  The 
timing  of  all  bursts  and  key  events  are  given  in  Table  3. 

Although  the  anchor-launch  and  release  transients  were  mot  measured 
because  they  occurred  between  bursts  and  after  tiie  experiment  respectively, 
voluminous  quantities  of  data  are  available  from  the  spar  mooring  wiiich  will 
intensely  help  mooring  designers  assess  tlie  followLng  types  of  effects: 

(1)  The  attenuation  of  wave  motion  oy  the  spar  portion 
of  the  mooring. 

(2)  The  response  of  tlie  spar/added  itass  tank  and  vertical 
section  to  wave  input. 

(3)  *1116  role  of  the  buoyant  tether  line  as  a notion  isolator 
for  the  subsurface  flotation  sphere. 


(4)  The  degree  to  which  the  subsurface  flotation  sphere 
I attenuates  buoyant  teUier  line  motion. 

The  seas  encountered  during  tliis  deployment  were  nearly  calm  with  long- 
period  (approx.  12-second)  swells  of  up  to  2 meters.  The  lack  of  large  wave 
; inputs  during  the  deployment  is  sonewhat  unfortunate,  but  tJie  mooring  still 

I 

; experienced  considerable  action  from  the  swells  wliich  will  allow  the  models 

I 

I to  be  exercised. 

: Experiment  Number  3 - Taut  Discus  Surface  rtooring 

II 

f The  anchor  for  this  mooring  was  deployed  approximately  five  minutes 

1 into  the  tliird  FVR  burst  - permitting  over  ten  minutes  of  useful  F\^  dynamic 

[ measurement  during  the  launch.  The  FVRs,  HFTPs  and  LPTPs  functioned  100%  ' 

during  tiiis  deploynent.  The  data  derived  are  much  like  that  measured  in  ^ 

Experiment  number  1,  although  tlie  dynamics  are  less  owing  to  a greatly-  j 

reduced  sea  state.  The  timing  details  are  given  in  Table  4.  j 

Experiment  Number  4 - High  Perfornance  Intermediate  Mooring 

The  LFl'Ps  deployed  during  tlie  DOO!S  mooring  functioned  100%  and  are 
ejq)ected  to  yield  useful  data  on  the  mooring  shape  aiid  vertical  excursions  in 
tlie  water  column  caused  by  "lean  over." 

E>periment  Humber  5 - Civil  Engineering  Lab  (CTJj)  Mooring 

The  four  FVRs,  single  HTTP  and  single  LFTP  deoloyed  on  this  mooring 
functioned  100%.  Seven  individual  dynamic  events  were  recorded  during  seven 
different  bursts.  Included  in  this  list  is  the  anchor-launch  and  anchor  re- 
lease transients  as  well  as  five  otJier  events  caused  by  tl-e  near-surface 
element  of  the  mooring  lino  being  drawn  to  tlie  side  and  si'ddenly  rclaascd. 

(See  Table  A-21,  Appendix  A.)  The  data  are  of  liigh  quality  - clearly  illus- 
trating the  significant  events.  A sunrvary'  of  tlie  timinn  of  bursts  and  signifi- 
cant events  associated  with  Experiment  niimix'r  5 are  niven  in  Table  5. 
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3.0 


INS'i'RUI-lEiir  UESCRIPTiaxIS 


This  section  describes  the  tliree  types  of  instruments  provided  by  the 
C.  S.  Draper  Laboratory  for  tl^  MDE.  Other  key  instruments  that  were  ari- 
ployed  in  the  MDE,  but  will  not  be  described  here,  are  the  4 acoustic  pingers 
enployed  for  measuring  the  mooring  line  position,  shape,  and  dynamics  and  the 
POPIUP  dynamic  sensing  packaqe  mounted  in  the  buoy.  The  pinger  positions 
were  sanpled  every  .5  seconds  by  the  range  operations  room  at  the  Pacific 
Missile  Range  Facility  (PMRF)  for  17  hours.  The  17-hour  experiment  duration 
was  specified  by  tlie  nominal  pinger  battery  life  at  the  defined  ping  rate. 

The  POPMIP  package  as  well  as  tire  4 Draper  Lab  Force  Vector  Recorders 
(FVRs)  and  4 Higii  Fregiency  Terperature/Pressure  Recorders  (HFTPs)  are  burst 
instruments.  That  is,  the  instruments  periodically  turn  on  the  recording 
portions  and  record  data  at  a high  rate  - shutting  down  in  between  bursts. 
Table  6 is  a sunmary  of  the  system  timing  employed  in  the  MDE.  The  oUier 
instruments  si^plied  by  tlie  C.  S.  Draper  Lab  were  3 Low  Frequency  Tenperature/ 
Pressure  Recorders  (LFTPs) . They  recorded  a sarple  every  4 minutes  wiiich  was 
an  accunulated  average  of  64  points  taken  every  3.75  seconds.  The  primary 
function  of  the  LFTPs  was  to  augment  the  pinger  data  for  mooring  line  sliape 
definition,  but  also  to  act  as  a redundancy  should  a pinger  fail. 

3.1  Force  Vector  Recorder  (FVR) 

Lhe  primary  tool  for  the  acquisition  of  high  frequency  (0  - 1 Hz) 
dynamic  data  on  the  mooring  line  was  the  Force  Vector  Recorder  (FVR) . A FVm 
is  a self-contained,  battery-operated  motion  sensing  paclcage  \»tu.ch  records 
digital  data  on  cin  intcmal  tape  cassette.  The  electronic  data  acquisition 
system  is  an  outgrowth  of  a system  designed  for  Ter^jerature/Pressure  Recorders 
used  in  the  r4id  Ocean  Dynamics  Experiment  (MOLE)  funded  by  NSF.  The  FVR  con- 
tains six  sensor  channels,  including  three  mutually  orthogonal  servo  accel- 
eremeters,  two  magnetemeters  aligned  perpendicular  to  its  longitudinal  axis 
for  azimuth  reference,  and  either  a strain  gage  pressure  sensor  for  depth 
or  a similar  load  cell  for  mooring  line  tension.  In  fJie  MDE,  a tension  load 
cell  with  a full  scale  range  of  3000  pounds  was  emidoyed.  Time  is  recorded 
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by  updatii^  a 6-bit  frame  cx)unt  asscxiiated  with  each  data  word  recorded. 

(See  Appendix  C.)  Every  .52  seconds  (i.e.,  frame  count  period)  the  frame 
count  changed  on  each  of  the  6 channels.  It  sanples  each  of  the  six 
channels  at  15)  to  once  every  0.52  seconds,  giving  a frequency  response  of 
0 to  1 Hz  on  all  axes.  This  rate  can,  hcwever,  be  reduced.  It  can  be  pro- 
gramned  to  record  data  in  a "burst"  node  with  variable  record  burst  lengths 
and  burst  repetition  frequencies  - filling  a data  tape  in  approximately 
three  hours  if  operated  continuously  at  the  highest  rate.  If  operated  at 
sliort  burst  lengths  and  low  burst  repetition  frequencies,  a FVR  can  periodi- 
cally record  useful  dynamic  informtion  for  months.  Because  the  data  from  the 
experiments  described  should  be  useful  in  verifying  time  as  well  as  frequency 
dorain  mooring  math  models,  the  data  recorded  by  each  instrument  (including  that 
frcm  POPMIP  and  the  High  Frequency  Tenperature/Pressure  Recorders,  HFTPs)  should 
be  synchronized  in  time.  In  order  to  accomplish  synchronization,  two  leads  are 
brought  out  of  the  pressure  case  of  both  the  FVRs  and  HFTPs  allowing  burst  and 
sample  synchronization  of  four  FVRs,  four  HPTPs  and  the  POPMIP  package  in  the 
buoy. 

Physically,  a FVR  is  a sphere,  approximately  nineteen  inches  in  diameter. 
'Ihis  includes  a syntactic  foam  flotation  shell  vhich  renders  the  complete  unit 
neutrally  buoyant  in  water  while  weighing  130  pounds  in  air.  V-Jithout  the 
flotation  shell  the  FVR  is  ^proximately  13-inches  in  diameter,  weighing  85 
pounds  in  air  and  approximately  45  pounds  in  water.  Hie  mooring  line  is  attached 
in  line  witli  the  centerline  of  tlie  sphere.  Figure  8 is  a ohotograph  of  the  FVR 
witli  lialf  of  its  flotation  shell  removed  for  viewLng.  A sumiviry  of  the  FVR 
characteristics  is  found  in  Table  7. 

It  should  be  noted  that  Table  7 contains  no  mention  of  accuracy.  The 
accuracy  of  each  FVR  sensor  channel  is  irade  up  of  2 sources  - some  systematic 
and  estimatable,  and  others  random.  For  example,  die  variation  of  sensor  out- 
puts with  temperature  or  drift  are  generally  systematic  and  have  been  found  to 
bo  of  such  low  order  that  they  can  be  neglected.  Other  estimatable  errors  are 
tJiose  due  to  sensor  misalignments  as  well  as  calibration  errors.  Section  6 will 
discuss  sane  aspects  of  tliese  errors  in  relation  to  the  magnetemeters . In 
general  the  acceleraneter  and  load  cell  calibrations  narrow  the  total  non-randon 
errors  to  approximately  .2  percent  of  the  full  scale  output.  In  some  cases 


<D 

o 

(1) 

i~4 

ITJ 

U 

o 

P 

CO 

CO 

, u 

0 

c/3 

ip 

fH 

iH 

'O 

u 

•H 

tr*  ^ 

'i 

in 

tJ 

c 

o 

4-» 

X 

Cm 

c 

Cm 

rH 

(/) 

+ 

o 

P 

Cm 

O -H 

IT] 

3 

f— 1 

TJ 

o c: 

5 

X 

0 

X 

0) 

P 

2 

-M 

p 

X 

• 3 

04 

o 

Q 

3 

P 

■p 

1— f 

rH 

> 

B 

rH 

tH 

• tn 

o 

o 

O 

TJ 

0 

O 

cr  <N 

rH 

o 

o 

nJ 

-P 

(0 

o 

O 

<D 

• 

• 

H 

• 

0 

•H 

f-H 

“ +1 

) 

rH 

Si 

X 

(X 

( 

c: 

o 

N 

N 

0 

c 

0) 

to 

S 

S 

p 

0) 

c 

o 

3 

o 

N 

• 

o 

o 

in 

d 

X 

< 

rH 

O 

u> 

• 

i 

( 

<D 

P 

00 

O 

o 

CO 

Cm 

(X 

3 

q 

P 1 

0 

P »X) 

to 

o 

05  - 

O Tl 

o 

0) 

Si  cNi 

0 

o q 

O -H 

p 

o 

o 3 

- (0 

3 

rH  P 

\D 

- 0 

O 0^ 

to 

ft)  ra 

CT* 

ro 

ro  04 

rH 

to 

q 

1 

1 

1 

o 

P CJ 

+ 1 

O 

o 

C 

p 

lL»  ^ 

Pi 

9 

C B 

•H 

•H 

(D  P 

CQ 

u o 

P 

0) 

O 

O 

19  a 

P 

(7> 

tP 

•H  B 

<u 

nj  H 

fd 

ftJ  o 

B 

O rH 

o 

CQ  P 

0 

(D 

P 0) 

P 

q u 

q d) 

0 0/  rH 

0 

*H 

•H  cr> 

tn  o o 

q 

rt5  'O 

(H  Ti 

q p u 

& 

p m 

P H 

<u  o o 

ft5 

P Q 

CO  Cm  < 

X 

to  id 

to  cq 

X 

p 

O 

q 

tis 

0) 

P 

P 

o 

■ 1-4 

q 

•H 

n 

03 

rH 

(U 

s 

»t5 

B 

fd 

q 

q 

Oi 

o 

P 

o 

si 

0 

q 

p 

p 

(U 

tp 

p 

cn 

0 

3 

3 

rH 

0 

3 

Q 

•H 

(0 

to 

03 

Si 

B 

A 

to 

p 

to 

dJ 

O 

p 

•*H 

p 

q 

o 

0) 

(U 

q 

p 

N 

p 

0) 

u 

X 

o 

ft. 

0 

dr 

••  -H  O 0 
(U  W H U 

w o •• 

U1  O 0)  nl 
C)  ^ M-l  4J 
W ' -H  It) 
A.  ro  J Q 


Recorder  Character! s 


1 


ix>  atteiipt  will  be  trade  to  correct  for  this  error  source  because  it  may  so 
vastly  conplicate  the  nath  (see  Section  6)  that  data  handling  is  much  en- 
cumbered and  very  little  is  gained  in  model  verification  wcrk.  Notes  of 
error  values  will,  however,  be  made.  The  random  errors  are  of  tlie  order  of 
1 one-half  of  one  least  significant  bit  (I£B)  (i.e.,  approximately  0.1  per- 
cent of  full  scale)  arising  primarily  from  the  analog-to-digital  converter 
selection  of  the  LSB  and  any  electronic  noise. 

In  order  to  avoid  the  possibility  of  high  frequency  energy  altering 
the  recorded  energy  spectrum  of  the  FVR,  first  order  analog  filters  were  in- 
stalled on  each  sensor  channel.  Hie  filters  were  scaled  to  liave  a break 
frequency  of  0.5  Hz. 

3.2  High  Frequency  Tenperature/Pressure  Recorder  (HFTP) 

TV^  types  of  tenperature/pressure  recorders  (TPs)  v>ere  enployod  durLig 
the  mooring  dynamics  experiment  - four  high  frequency  TPs  (f{FTP)  and  three 
lew  frequency  TPs  (LFTP) . All  such  instruments  enployed  calibrated  thermistors 
for  tenperature  measurement  and  strain  gages  bonded  to  a diaphragm  for  pressure 
measurement.  Hie  instruments  were  both  11  1/2-inch  diameter  spheres  containing 
a mooring  line  tension  carrying  rod  mounted  tangentially  as  shown  in  Figure  9. 

The  HPTPs  are  burst  recording  instrunents  just  like  tlie  FVR  - containbig 
the  same  recorder  and  data  acquisition  system  but  different  sensors.  A .iFTP 
records  a tenperature  word  every  2.08  secoiids  and  a pressure  word  on  the 
average  every  0.52  seconds,  allowing  tiie  conputation  of  temperature  vari- 
ations to  1/4  Hertz  and  pressure  to  1 Hertz.  A 10-bit  time  word  is  written 
every  2.08  seconds.  Botli  the  saitple  timing  and  burst  cliaracteristics  can  be 
altered  by  an  internal  wiring  change.  As  witii  tlie  FVR,  a HPI'P  records  a 
10-bit  data  V'Ord  from  eacli  sensor,  giving  a least  significant  bit  strcngtJi 
of  approximately  .001  times  tlie  sensor  range.  In  nany  cases  tlie  temfxirature 
and  pressure  sensor  ranges  were  scaled  to  be  considerably  less  tlian  their 
full  scale  capability.  A sumrary  of  tlie  ranges  and  scaling  employing  in 
botn  the  high  and  low  frequency  TPs  is  sunnarizod  in  Table  3. 
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Figure  9.  High  frequency  temperature  - pressure  recorder  (HFTP) 
(same  externally  as  LFTP) . 


High  Frequency  Temperature  - Lew  Frequency  Temperature 

Pressure  P.ecorder  (HFTP)  Pressure  Recorder  (LFTP) 


TABLE  3 Nominal  Ranges  and  Scaling  of  Temperature-Pressure  Recorders  Employed  in  Mooring  Dynamics  Experimon 


3.3  Lew  Freqiiency  Tenperature/Pressure  Recorders  (LFTP) 


The  LFTPs  are  exantinuaus  intemally-recxjrding  instruients  so  long  as 
the  extejnnal  on/off  magnet  is  removed.  As  already  mentioned,  during  the 
Mooring  Dynamics  Ejqjeriment  they  sanpled  tenperature,  pressure,  and  time 
every  3.75  seconds  but  only  wrote  an  accumulated  ^■jord  for  each  parameter 
every  64  sanples  (i.e.,  4 minutes).  The  LFTPs  can  operate  continuously  in 
the  oc£2an  for  longer  than  1 year  at  the  proper  sampling  rate. 


32 


4.0  PRE  AND  POST  EXPERIMENT  INSTRUI-IENT  TESTS  AND  CALIBRATiaiS 

Prior  to  and  following  the  field  test  the  FVRs,  HFTPs  and  LFTPs  were 
put  through  a series  of  tests  in  order  to  exisure  their  proper  function, 
timing,  and  calibration.  This  section  describes  the  general  nature  of  these 
tests.  The  final  calibration  values  derived  from  these  tests  are  sunmari^ed 
in  the  Appendices. 

4.1  FVR  Pressure  and  Load  Test 

Because  of  tiie  nature  of  the  FVR  design  requirements  it  was  helpful  to 
SL^jport  tlie  unit  by  tether  line  tension  passing  through  the  gecrEtric  center 
of  the  sphere.  In  such  a way  the  hydrodynamic  forces  on  the  FVR  wDuld  not 
cause  mcments  and  induce  unwanted  rotaticas.  As  a result,  the  main  FVR  housing 
had  to  support  both  tension  (to  above  tlae  rated  breaking  strength  of  the  moor- 
ing line  or  9,000  pounds)  plus  sealing  against  water  leaks.  In  the  MDE  the 
maximum  external  working  pressure  could  be  as  high  as  2,300  psi  if  the  instru- 
ment were  on  the  bottom  of  a mooring  line  in  approximately  1,600  meters  of 
water  or  fell  to  the  bottom  in  the  event  of  a flotation  failure. 

In  order  to  verify  that  the  FVR  could  simultaneoulsy  withstand  maximum 
tension  expected  in  the  ejqjeriment  (i.e. , 3,000  pounds)  and  the  maximum  depti 
without  iiEchanical  failure  or  leaking,  the  system  was  tested  in  a pressure 
tank.  The  most  ej^jedient  means  of  simultaneously  achieving  a tension  of 
approximately  3,000  pounds  (in  water)  was  to  suspend  a sufficient  quantity  of 
weight  beneath  the  instr’Jment  while  in  tlie  pressure  tank.  Tlie  most  readily 
available  site  for  such  a test  vras  tlie  Civil  Engineering  Lab  (CEL)  of  the  Naval 
Construction  Battalion  at  Port  IJeuneme,  California.  Witli  tire  kiiid  cooixrration 
of  Mr.  Dallas  f-feggitt  and  others  at  CEL,  two  FVRs  were  pressure  tested  to  tire 
tine  line  stiown  in  Figure  10  in  May  of  1976.  The  in-air  weights  and  in-water 
weights  are  also  shoim  in  Figure  10.  Figure  11  is  a photo  of  tlie  two  FVRs 
supporting  the  pallet  of  weights  beneatJi. 

During  tlie  test  no  electronics  were  installed  witJiin  tlie  F\T1  liousings 
for  fear  that  a leak  would  ruin  costly  equipment.  Botlr  units  were  helium  mass 
spectrometer  leak  tested  before  aiad  after  the  best.  Dryed  silica  gel  bags 
were  weighed  before  and  after  installation  as  evidence  of  tjross  water  leakage. 
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All  bolts,  bales,  tension  cells,  and  feed-thrus  were  torqued  to  the  specifi- 
cation value  tliat  they  would  see  in  final  assembly.  Plastic  bags  were  taped 
within  the  housings  around  key  areas  of  potential  leaks  as  an  aid  to  isolating 
sources  should  a gross  leak  be  found. 

The  results  showed  no  leak  in  either  unit.  In  many  subsequent  install- 
ations in  the  Hawaii  field  test  program,  no  leaks  were  encountered  also. 

Just  prior  to  shipment  to  the  field  test  site,  all  FVRs  were  assembled 
in  their  final  configuration  and  pressure  tested  bo  2,300  psi  for  about  3 hours 
each.  The  tests  were  conaucted  at  Benthos  Inc.  at  Falmouth,  Massachusetts. 

'Ihe  goal  was  to  look  for  any  leaks  in  the  semi-perranent  seals  associated  with 
load  cells,  electrical  feed-thrus,  and  unused  pressure  sensor  parts.  All  sys- 
tems passed  the  best. 

4.2  FVR  Sensor  Calibration  Procedure 

The  tliree  types  of  sensors  witiiin  the  FVR  required  three  entirely  diff- 
erent types  of  calibrations.  Ii^  most  cases,  where  the  sensors  cure  linear  de- 
vices, it  is  only  really  necessary  to  know  their  bias  and  scale  factor  values 
as  a suitable  calibration.  In  the  case  of  the  magnetcreters , however,  this  is 
iX3t  sufficient  because  the  value  ana  direction  (i.e.,  dip  angle)  of  the  local 
earth's  field  vary  strongly  with  geograpliic  location.  Tlierefore,  it  is 
necessary  to  always  calibrate  the  nagnebometers  locally  or  find  tliat  tlie  mag- 
netic survey  charts  are  sufficiently  explicit  and  accurate  tliat  one  can  know  tlie 
dip  angle  and  then  ratio  the  scale  factor  value  frctn  anotlier  calibration  site. 
Barring  confidence  in  the  latter  approach  the  magnetometers  were  calibrated  at 
PME^.  The  procedure  will  be  described  in  section  4.2.3. 

4.2.1  Accelerometer  Calibrations  . 

■^The  precise  and  detailed  description  of  the  accelerometer  calibration 
procedure  is  found  in  Appendix  A-2  of  tlie  Mooring  Dynamics  Experiment  Test  Plan 
available  from  the  NQAA  Data  Buoy  Office  (:®B0) . In  surmary,  the  sensor  plate 
of  each  FVR  was  setjuentially  mounted  to  an  accurately-aligned  precision  tilt 
table.  Tlie  table  was  tlien  incrementally  rotated  through  10  st(^s  such  tliat 
oacJi  axis  was  exfxised  to  ^Ig  of  acceleration  input,  liic  10  steps  would  not 
be  necessary  if  one  were  only  looking  for  bias  and  scale  factor.  Such  a 
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procedure  did  find  problene  of  stickiness  vd.th  various  acceleroTEter  sensors 
(vdiich  were  rejected)  and  early  in  the  program  revealed  a subtle  quantization 
problem  with  the  electronic  A to  D converter. 

4.2.2  Tension  load  Cell  Calibration 


The  four  fully-assembled  and  working  FVRs  were  sequentially  installed  in 
a precision  Instron  tensile  testing  machine  in  order  to  calibrate  the  load  cells. 
The  FVRs  were  powered  up  and  read  out  in  digital  counts.  The  FVRs  were  installed 
in  the  tensile  tester  with  the  load  cell  downward  such  that  the  FVR  did  not 
measure  its  own  veight  at  zero  applied  load.  The  applied  load  was  accurate  to 
approximately  .1  to  .2  percent  of  the  full  scale  Instron  range  (5,000  pound 
range  for  loads  over  2,500  pounds).  The  applied  load  was  varied  in  ^proxi- 
mately  500  pound  increments  up  to  3,000  pounds  and  down  again  incrementally.  No 
hysteresis  was  discovered  in  the  load  cell  response. 

4.2.3  Magnetoteter  Calibration 

In  order  to  calibrate  the  magnetcmeters  most  easily  ani-1  reliably,  a 
mechanical  trunnion  assembly  was  fabricated  of  aluminum  (in  ordfjr  to  minimize 
mgnetic  disturbances) . The  FlTi  was  supported  iii  this  trunnior.  sucli  tiiat  it 
could  be  freely  rotated  about  the  z-axis,  which  is  noriTBlly  in  line  witli  tlie 
mooring  line.  The  trunnion  contained  leveling  screws  in  2 planes  such  tJiat  tie 
z-axis  could  be  pointed  straigntip  and  leveled  or  perfectly  horizontal  with  tiie 
x-y  bocty  axis  plane  pointing  north.  The  goal  of  tliese  calibrations  is  to  de- 
rive a value  for  tlie  number  of  counts  the  instrument  registers  wlien  both  the  x 
and  y axes  point  north  (horizontally) , down,  and  along  the  magnetic  vector 
(vdiich  for  Hawaii  was  approximately  39  degrees  below  horizontal) . As  descrifcn^d 
later  in  Chapter  6 these  types  of  tests  enable  the  estimation  of  the  key  variables 
required  in  order  to  permit  an  estimation  of  Euler  angles  as  well  as  any  mis- 
alignment of  magnetomEter  axes  within  the  unit. 

4.3  Hl'TR  and  LFTP  Sensor  Calibration  Procedure 

Tlie  detailed  written  procedure  for  the  laboratory  calibration  of  the  HPIT’s 
and  LfTPs  is  a large,  single  document  - occupying  approximately  35  pages.  A copy 
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is  resident  at  the  C.  S.  Draper  Laboratory  for  each  unit.  Ihis  section  will 
only  explain  the  prooeduire  employed  in  a very  general  manner.  The  detailed 
assembly  and  checkout  procedures  employed  during  the  field  test  program  are 
again  found  in  the  MDE  Test  Plan  document  (Appendix  A- 3)  at  NDBO. 

Temperature  Calibration 

The  thermistors  employed  within  the  TPs  are  sipplied  ty  Fenwal  Inc.  of 
Ashland,  Massachusetts.  With  each  thermistor  is  sipplied  a set  of  calibration 
data  points  of  resistance  versus  temperasture . These  data  are  fitted  in  a 
least  squares  manner  to  a curve  obeying  the  following  general  form: 

i = Cf  + C2  fn  R + C3  £n 

vhere  T is  toperature  in  degrees  centigrade  and  R is  in  ohms.  The  precise 
values  of  C^,  C2,  and  result  fran  the  curve  fit  appropriate  to  each  ther- 
mistor. 

The  output  of  the  TPs  in  instrument  counts  is  then  measured  as  a function 
of  a simulated  thermistor  resistance  at  eight  points  over  the  expected  measure- 
nent  range.  The  thermistor  resistance  is  simulated  by  a precising  resistance 
substitution  box  (General  Radio  Model  GR1433-B  good  to  ^ .02%  of  range).  A 
curve  of  instrunent  counts  as  a function  of  terrperature  is  then  possible  by 
applying  the  above  equation.  This  sane  procedure  is  carried  out  at  rocm  tem- 
perasture, 14°C,  and  0°C  by  placing  the  TPs  in  a refrigerator  but  the  resistance 
box  outside.  This  type  of  test  looks  for  the  sensitivity  of  the  temperature 
sensing  circuitry  to  the  airbient  temperature  itself.  Small  order  variations 
are  usually  found. 

Pressure  Calibration 

The  pressure  sensor  employed  in  the  TPs  is  a temperature  ccrpensated 
bonded  strain  gage  device.  It  is  generally  scaled  to  wark  over  a small  portion 
of  its  usable  range  in  order  to  boost  sensitivity.  Furthermore,  these  types 
of  sensors  are  very  linear.  Therefore,  the  instrument  output  (in  counts)  is 
measured  as  a function  of  an  accurately  applied  pressure  at  approximately 
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one-quarter  and  three-quarters  of  the  useful  range.  The  pressure  is  applied 
bi'  a precision  dead-weight  tester  of  two  types.  For  system  S/N  93  (i.e.,  low 
pressxire  unit)  an  Ainetek  unit  good  to  0.025%  of  the  applied  pressure  was  used. 
For  all  other  TPs  an  Ashcroft  unit  good  to  0.1%  of  the  applied  pressure  was 
used.  The  above  test  was  carried  out  at  room  tenperature  and  at  0°C  by  bring- 
ing pressure  hose  leads  to  the  tester  outside  of  the  refrigerator.  A com- 
parison of  sensor  output  curves  indicates  any  sensitivity  of  the  pressure 

sensing  circuitry  (as  a v\hole)  to  ambient  tenperature  (i.e.  ■^) . 

oT 

4.4  System  Synchronization  Procedure 

Because  of  the  desire  for  time  domain  data  as  well  as  that  from  the  fre- 
quency domain  (i.e.,  spectra)  all  high  frequency  burst  instruments;  including 
the  FVRs,  HFTPs,  and  POPMIP;  were  required  to  burst  and  measure  data  in  syn- 
chronism. To  acccnplish  this  the  C.  S.  Draper  Lab  designed  and  fabricated  a 
start-up  box.  It  artifically  introduced  a 5.12  second  delay  to  both  the  POP- 
MIP and  HFTP  instruments  in  order  to  match  the  starting  time  of  the  FVR  witJu 
its  own  buiilt-in  delay  of  5.12  seconds.  The  synchronization  procedure  enployed 
in  the  MDE  is  given  in  Appendix  C-1  of  the  MDE  Test  Plan. 

4.5  System  Integration  Test 

Cn  July  21  to  22,  1976  all  of  the  burst  instruiTEnts  subject  to  the  syn- 
chronization procedure  described  in  section  4.4  were  brought  together  at  the 
Draper  Lab  in  order  to  answer  the  following  questions; 

(1)  Did  the  start-up  synchronization  box  do  its  job  properly 
or  did  seme  unique  electronic  interface  problems  (e.g., 
unstable  oscillation  when  connected)  inhibit  its  proper 
function? 

(2)  Did  each  sensor  system  record  tlie  presence  of  dynamic  events 
at  the  same  and  correct  time  as  given  by  a ocxiputerizcd  data 
evaluation  of  real  data  tapes  in  the  same  manner  as  wauld  be 
done  after  Hawaii? 
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The  former  question  chected  for  functional  as  well  as  mechanical  cabling 
problems.  The  latter  question  was  essentially  an  end-to-end  check  on  the 
timing  of  each  instruirent  and  its  associated  software  routines.  This  test  was 
dubbed  the  System  Integration  Test. 

In  order  to  accaiplish  the  test  all  of  the  instruments  were  mounted  in 
boxes  on  or  strapped  directly  to  a large  vcoden  platform.  The  whole  platform 
was  suspended  by  2 chains  frcm  the  lab  ceiling  15-feet  overhead  in  order  to 
permit  the  whole  platform  to  oscillate  at  aj^roximately  a 4-second  period  in 
the  manner  of  a pendulum.  Platform  oscillations  constituted  as  "event,"  cannon 
to  all  dynamic  motion-sensing  systems,  that  could  be  initiated  at  a precise 
tine  within  each  data  burst.  Figure  12  is  a photo  of  the  suspended  platform 
will  all  instrunents  (4  HFTPs,  4 FVRs,  and  1 POPMIP)  aboard  the  platform  await- 
ing the  initial-ion  of  an  "event,"  which  in  this  case  was  the  release  of  a pelican 

hook  allowing  the  platform  to  swing  free. 

Because  the  HETPs  could  not  sense  platform  motion,  a magnetic  reed  switch 
was  wired  in  place  of  the  thermistor  such  that,  vAien  a magnet  was  removed  from 
the  outside  of  the  TP  housing,  the  resistance  of  the  thermistor  lead  appeared  to 
go  frcm  zero  to  infinity.  Such  an  "event"  gave  a clear  indication  on  the  com- 
puter output  of  the  time  tliat  the  magnet  was  removed. 

The  test  was  successful  in  that  it  pointed  out  2 differences  between 
the  POPMIP  and  the  Draper  Lab  instruments.  One  revolved  around  when  POPMIP 
was  to  precisely  get  its  timing  signal  in  order  to  give  a 5.12  second  delay  and 
the  otter  involved  the  software  interpretation  of  the  POPMIP  data.  The  differences 
were  worked  out  and  the  systems  henceforth  had  the  capability  of  being  syncliron- 
ized.  This  fact  was  verified  in  a phone  hook-up  synchronization  test  in  mid- 
Septenber  1976  in  which  the  units  were  manually  started  synchronously  in  Boston 
and  Mississippi  (POPMIP)  by  voice  link.  Ninety  minutes  later,  during  tlie  second 
data  burst,  a second  telephone  conversation  allowed  both  parties  to  synchron- 
ously (within  a fraction  of  a second)  initiate  an  event.  The  subsequent  con 
puterized  specification  of  that  time  was  essentially  the  same  for  both  POPMIP 
and  the  C.  S.  Draper  Lab  FVRs  and  HFTPs. 
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Figure  12,  Instrument  configuration  during  system 
integration  test  (note  PIPMIP  package 
surrounded  by  4 FVR's  and  4 HFTP's). 


i 
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5.0 


FVR  EULER  ANGLE  DETERMINATION 


This  section  will  outline  a single  set  of  Euler  angles  that  could  be 
used  in  conjunction  with  the  FVR  data.  Further,  a irethod  of  using  the  FVR 
data  in  order  to  get  Euler  angles  will  be  atployed.  Certain  assumptions  will 
be  made  in  order  to  ejjpeditiously  derive  the  angles.  In  reality,  however,  it 
may  be  found  that  the  outlined  method  of  measuring  Euler  angles  is  in  error 
by  an  amount  vAiich  increases  as  the  dynamics  experienced  by  the  FVR  increases. 
Such  can  be  true  because,  as  will  be  seen,  in  order  to  derive  the  first  two 
Liiler  angles  it  must  be  assumed  that  the  dynamic  acceleration,  or  the  average 
over  a period  of  time,  is  zero.  This  is  necessitated  because  the  FVR  contains 
accelerometers  which  really  are  specific  force  receivers  obeying  the  equation; 

T = a - ^ 

{sign  convention  seen  later) 

This  equation  says  that  the  output  of  the  sensor,  f,  is  ccsrposed  of  a dynamic 
coiponent,  a,  and  a ccmponent  of  gravity,  "g.  With  the  mth  that  will  be  dis- 
cussed there  is  no  real  way  of  separating  out  the  two  elements  in  the  sensor 
signal  other  than  to  assume  that  a is  zero  or  averages  to  zero  over  the  tine 
period  of  interest.  If  the  FVR  had  gyros  as  angle  sensors  such  an  assunption 
would  not  be  necessary. 

There  are  possibly  two  ways  around  this  limitation  on  calculating  Eulei 
angles.  The  first  is  directly  applicable  to  the  presently- intended  use  of  tlie 
FVR  data.  That  is,  in  verifying  the  math  models  of  moorings  on  which  the 
has  measured  data,  it  is  suggested  that  the  modeller  model  not  only  the  mooring 
(with  the  FVR  attached)  but  also  the  FVR  output  to  the  calculated  mooring  motion. 
In  so  doing  the  output  of  the  simulation  could  be  two-fold  - it  would  givti  a)! 
X,  y,  e,  st>»  4’  (positions  and  Euler  angles)  co-ordinates  (assuming  a 3-D  model) 
and  additionally  derived  quantities  of  specific  force  (f^,  f^,  & f^)  and  magnet- 
aiEter  counts  (M^  & M ) in  instrument  units.  These  derived  quantities  could  Uicj 
be  cortpared  with  the  neasured  values  and  tlie  model  changed  vhere  needed  to  brine 
about  agreement. 

The  other  way  around  tJie  limitation  described  is  to  use  the  x and  y -,ix  i r; 
(ncminally  horizontal  axes)  magnetometers  as  angle  sensors  for  rotations  abc^it 
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the  X and  y -axis  at  each  data  point  every  .52  seconds.  In  order  to  do  this 

the  EVR  orientation  within  the  nagnetic  field  of  the  earth  must  be  known.  In 

other  words,  to  do  this  the  Euler  angles  must  be  known  to  begin  with.  This 

suggested  method  implies  an  iterative  schesne  which  is  undefined  at  present. 

Ihe  result  would  be  a oottparison  between  the  estimated  angle  change  indicated 

by  the  magnetcneter  and  that  indicated  by  the  accelerometers.  Any  difference 

rr)iil<i  be  largely  attrii*-tad  to  dynamic  acceleration.  A limitation  to  using 

the  magnetometers  in  this  way  is  that  they  cannot  sense  rotation  along  the 

magnetic  field  vector  of  the  earth.  A conceptualized  plot  of  the  normalized 

magnetometer  sensitivity  to  rotations  is  illustrated  in  Figure  13.  This  figure 

shows  the  earth's  field  vector  B , where  sensitivity  is  indicated  by  the  length 

0 

of  radial  lines  emanating  frcrni  the  origin.  In  3-D  space  the  figure  shewn  is  a 
torus  with  zero  inner  diameter. 


Figure  13  - Normalized  3-D  Magnetometer  Response  to 

Angular  Changes  within  the  Earth's 
^tegnetic  Field , 


The  rotation  vector  w could  be  any  generalized  rotation.  Figure  13  shews  tlat 

for  rotations  about  B , if  an  axis  is  ixDinting  parallel  to  B and  the 
e ^ 

body  is  rotating  about  that  axis,  the  signal  change  from  that  axis  is  zero. 

Ihe  axis  normal  to  it  will  be  changing  but  will  exhibit  a symmetrical  positional 

ambiguity  to  either  side  of  a plane  determined  by  the  and  g vectors  for  pu'  e 
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rotations  about  the  vector.  Such  a situation  is  very  unique  and  chances  of 
its  occurrence  are  slim.  Ihe  data  oould,  hcwever,  be  difficult  to  interpret 
in  such  a case. 

In  determining  Euler  angles  under  a very  specific  set  of  assunptions , 
tie  set  of  axes  shown  in  Figure  14  are  assumed.  It  should  be  observed  that 
the  X,  Y,  Z co-ordinate  system  is  assumed  fixed  with  respect  to  inertial  space 
w^vLle  the  x,  y,  z system  is  fixed  to  and  moves  with  the  instrument.  Figure  15 
defines  the  three  Euler  angles  to  be  enployed  in  defining  the  FVR  attitude. 

Ihe  following  definitions  are  also  enployed  in  deriving  the  angles: 

a = acceleration  of  FVR  w. r.t.  inertial  space  (acceleration  LT 

? = specific  force  on  FVR  (acceleration  LT 

g = gravitational  field  of  earth  (acceleration  LT 

y = earth's  magnetic  field  (Mag.  flxnc  density  MT 

= Yjj  = horizontal  ccnponent  of  the  earth's  iragnetic  field 

= y^  - vertical  conponent  of  the  eartli's  iragnetic  field 

The  basic  equation  relating  accelerations  is  given  by  equation  (5-1).  In  order 
to  convert  any  vector  I (i.e.,  t = 

from  inertial  to  body-fixed  axes,  it  is  necessary  to  derive  a transfornation 
iTBtrix.  By  reference  to  Figure  15,  the  first  rotation  (i/i) , about  the  Z-axis, 
is  described  by  the  following  transformation  for  which  positive  rotations  are 
for  x rotated  towards  y. 


(5-2) 
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Force  Vector  Recorder  axis  definitions. 


Figure  14. 
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or: 


Ihe  secxand  rotation  (0)  is  about  the  displaced  x-axis  (i.e. , x^  axis)  and 
is  described  by  the  follcwing  transforrration  in  which  positive  angles  are 
for  y into  z. 


or: 

-►  -> 
= B 


The  third  and  last  rotation  ((}))  is  about  the  displaced  z-axis  (i.e.,  z^) 
and  given  the  following  transformation  for  vhich  x is  rotated  into  y. 


OOSlJ) 

sini}) 

-1 

0 

H 

= 

^ 1 

-sin(}) 

COS^) 

0 

i ^3  ' 

0 

0 

1 

J 

C 2 

-►  -► 

{^3}  = Cil^} 


The  ccitplete  transforrotion  matrix  is  given  by  the  relation: 


^ I ^ 


cxDS(t>  (X)siJ^  ' sinii)  COS4)  ' sin(})  sine 

sin())  sini|;  cx)se  i -toosii)  sinij)  oosd 

‘ I 

-cos\p  siniJ)  I -sin({)  sini|;  i cos<p  sin0 

-sinip  COS0  cxDsd  | +cos4i  cost//  oosO  i 


sini^;  sine 


-<x)s\p  sine 


A useful  property  of  the  transfomation  matrix  (5-9)  is  that  its 

-1  T 

inverse  (CBA)  is  equal  to  its  transpose  (CBA)  . 

For  the  static  case  (i.e.,  a = 0)  the  values  of  6 and  cp  are  deter- 
mined from  equation  (5-1)  at  each  data  point.  If  the  time  average  for 
-►  , 

a IS  assumed  to  be  zero  over  itany  wave  periods  the  same  equations  hold 
but  the  average  values  of  0,  <p,  and  ip  can  only  be  evaluated  at  lower 
frequencies.  For  both  cases  the  accelercitEter  outputs  are  given  as  follows 
(where  g =-gic) : 


f^  = -g^  = g(sin0"'sin(J)) 


fy  = -gy  = g(sin0^cos0) 


(5-10) 


(5-11) 


TlTe  ■'  symbol  denotes  the  average  value  over  a time  interval.  The  static 

assunption  ^propriate  to  equations  (5-10)  and  (5-11)  assumes  that  a = a = 

^ y 

0.  This  assurption  may  also  be  a fair  approximation  in  sore  buoy  dynamic 
situations.  It  is  further  assumed  that  (sin0^oos(}))  and  (sinO^sind))  are  equal 
sine  coS(p  and  sine  siniji  respectively.  This  is  true  for  tiie  static  case 
probably  a fair  approximation  in  sate  buoy  dynamic  situations.  Therefore, 
following  equaticns  result: 


f = g sine  sini}) 
f y = g sine  cos(t) 

Equations  (5-12)  and  (5-13)  may  be  solved  for  sine,  0/  and  4)  under  the 
assunptions  that  sine  = sine,  sin4)  = sin(}),  and  coS())  = coS(}).  The  value  of 
<P  is  uniquely  found  fron  the  relation: 

^x 

tan<^  = V<r 


(5-12) 


(5-13) 


(5-14) 
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when  a cxjiputar  routine  looks  at  the  individual  siqns  of  both  f and  f . 

^ y 

Uiis  value  is  then  plugged  back  into  either  (5-12)  or  (5-13)  in  order 
to  get  a unique  value  for  6.  Ihe  aquation  chosen  depends  on  the  value 
of  <J).  If  one  assumes  that  <()  may  have  a slight  error  in  it,  the  best 
equation  to  use  for  0 would  be  chosen  as  follows: 

(a)  If  j sini()  I > ) c»s4>  I , find  0 from  equation  (5-12)  and  use 
equation  (5-13)  to  resolve  the  ambiguity. 

(b)  If  I sin<(i  j < I cos(J)  I , find  0 from  equation  (5-13)  and  use 
equation  (5-12)  to  resolve  the  ambiguity. 

With  the  above  procedure,  the  value  of  cos(})  or  sincj;  has  the  least 
variation  with  errors  in  4). 

In  order  to  enploy  the  magnetoireters  as  a sensor  for  the  reitaining 
Euler  angle,  tjj,  it  is  necessary  to  have  information  on  the  local  magnetic 
field  and  also  the  bias  values  for  the  two  rragnetcmeters  (x  and  y-axes) . 

If  the  bias  values  of  the  magnetaneter  outputs  are  given  by  and  B , and 
the  output  sensitivities  are  given  by  and  Gy,the  output  of  the  magneto- 
meters are  given  by  the  relations: 


(counts)  * 

"V  = Sy  " Vy  * 


(5-15) 


Because  the  magnetcmeters  are  used  as  angle  sensors  it  is  desirable  to 
calibrate  the  magnetometers  without  having  to  know  the  local  magnetic  field 
strength  in  ganma,  only  the  ratio  to  some  other  geographic  location  at  which 
they  were  calibrated.  In  the  test  procedure  it  is  necessary  to  Ioydw  the  out- 
puts of  the  magnetoireters  when  their  input  axes  are  pointed  toward  magnetic 
north  (i.e.,  and  ny^^)  and  vertically  down  (i.e. , m^  and  iry^)  in  the 
same  field  area  where  the  FVR  is  to  be  used: 


u = 

xh 

B 

X 

“Gy. 

x'h 

II 

" G Yv, 
y'h 

m = 

B 

-Gy 

m 

= B 

-Gy 
y 'v 

XV 

X 

XV 

yv 

Y 

(5-16) 


Hence  m^;  m^j^;  m^  and/or  are  measured  constants  for  tlie  local  axes. 
* Negative  sensitivities  because  of  polarity  of  installed  sensors. 
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In  order  to  eliminate  the  instnment  sensitivity,  G,  fran  the  cali- 
bration, equations  (5-15)  and  (5-16)  are  enployed  to  get; 


m -B 
X X 


(5-17) 


!z  = 


m - B 


m - B 

XV  X 

m , - B 
xh  X 


ra  , - B 
yh  y 


(5-18) 


In  equations  (5-18)  = tan  a where  a is  the  value  of  the  dip  angle 

of  the  local  iragnetic  field.  By  our  definitions  tan  a is  negative  because 
is  a negative  quantity. 

For  the  static  case  the  cdtponents  of  the  magnetic  field  sensed  by  the 
FVR  are  given  by  the  following  equations  in  body  co-ordinates: 


= Yj^  (cos())  cosijj  - sine!)  sinij;  cos0)  + (sinij)  sin0) 

Yy  = Yj^  (-cosi|j  sin(ti  - sinijj  cos({i  aos0)  + (oos^i  sin0)  y^ 

where  cos0  = oos0,  etc.  Equations  (5-19)  can  be  multiplied  by  sim))  and 

cos())  repsectively  and  added  in  order  to  solve  for  ip  in  terms  of  0, 

Y , Y , and  Yt.  as  follows: 

'y  'v  h 


(5-19) 


Y . Y 

'x  sini{i  _ ^ cos(}) 

Yj^  OCS0  Yj^  COS0 


(5-20) 


In  a similar  way  equations  (5-19)  can  be  multiplied  by  cos4>  and  sin<?  re- 
spec  itvely  and  added  to  give  the  following: 


Y Y 

X ' v 

COSl|j  = COS(})  - 


(5-21) 


Yv  >x  ^v 

The  values  of  — , — , and  as  shown  in  equations  (5-17)  and  (5-18) 
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are  substituted  into  equations  (5-20)  and  (5-21)  in  order  to  arrive  at  the 
following  equations  in  berms  of  measureable  quantities; 

(vtere  again  should  have  a negative  sign  and  equals  tan  ct  = 

tan  (dip  angle)  ) 


1 sinij;  = 

i 

[ 

[ OOSlJj  = 


'V-^x 


tan6  - 


OOS(})  - 


m -B 

X X 

m , -B 
xh  X 


sin({)  _ 

oosG  m , -B 
yh  y 


"V"®y  • 

— ir  Sind) 

"Vh"®y 


CX)S0 

COS0 


(5-22) 


(5-23) 


Other  useful  relationships  cx3uld  also  be  derived  by  vAiich  ip  can  be 
derived.  Ihe  most  accurate  procedure  is  to  use  the  most  sensitive  equation. 
If,  for  exanple,  the  x magnetometer  input  axis  were  pointing  near  North,  a 
small  error  in  m^  would  result  in  a large  error  in  i);  if  were  to  use 
Equation  (5-23)  because  small  errors  in  cosij)  result  in  large  errors  in  ip 
for  values  of  the  argument  near  zero.  Based  on  this  thinking  it  is 
reccnmended  that  the  following  be  applied. 

If  jsint()|  < |cosi))|  use  (5-22)  to  calculate  ip  axxi  use 
(5-23)  to  resolve  the  anbiguity. 

If  lsinij;|  > |oos)jj|  use  (5-23)  to  calculate  ij)  and  use 
(5-22)  to  resolve  the  ambiguity. 


l[n  sunmary,  with  the  suggested  calibration  scheme,  the  magnetometers 
require  a knowledge  of  the  local  value  of  the  dip  angle  of  the  rragnetic  field 
(derived  from  the  charts  or  measiured  during  calibrations) , tlie  instrument 
biases  (measured  in  the  lab) , plus  the  values  of  the  horizontal  and  vortical 
cerponents  of  the  local  magnetic  field  in  instrument  counts  (not  Webers  per 
square  meter  or  ganmas) . These  values  are  combined  with  the  0 and  4,  values 
derived  from  the  FVR  accelerometers  in  order  to  get  4;,  the  azimuth  angle  of  the 
PVR  with  respect  to  nagnetic  north.  The  frequency  range  over  which  the  values 
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of  Euler  angle,  derived  by  the  above  method,  are  valid  is  determined  by 
the  nature  of  the  particular  response  being  measured  and  also  the  period 
over  which  the  dynamic  ccnponent  of  acceleration,  a,  is  assumed  to  average 
to  zero.  In  most  cases,  the  longer  this  period  is  assumed  to  be  the  more 
correct  the  assunption  for  moorings  v>hose  shape  and  orientation  does  not 
change  greatly  during  the  averaging  period.  The  archived  Euler  angles 
conputed  from  FVR  data  taken  during  the  MDE  were  derived  in  the  iranner  des- 
cribed except  the  average  value  of  each  sensor  output  (i.e. , f^,  f^,  f^, 

M , M ) were  averaged  over  117-seGond  intervals  in  order  to  derive  8 nearly 
uniform  length  averages  over  a burst,  yet  each  average  contains  approximately 
20  wave  periods  and  10  periods  at  the  swell  frequency  of  approximately 
1/12  Hz.  The  117-second  interval  contains  225  frames  of  FVR  data  at  0.52 
seconds  per  frame. 


6.0 


FVR  MAClIEIOME:rER  CALIBRATIONS  AND  ERROR  ANALYSIS 


The  TOgnetoneter  calibrations  were  carried  out  in  two  tests  for  each 
FVR  unit.  For  these  tests  the  FVR  was  mounted  in  an  all-aluminum  test  fixture 
(aluminum,  in  order  to  minimize  disturbances  to  the  local  earth's  field).  The 
first  test  is  referred  to  as  an  azimuth  scan  in  which  the  full  unit  is  incre- 
mentally rotated  360°  about  its  z-axis  which  is  vertically  aligned.  This  test 
produces  a sinusoidal  output  signal  from  both  the  x and  y axis  magnetcmneter 
sensors, of  airplitude  equal  to  the  horizontal  conponent  of  the  earth's  field 
in  instrument  counts.  From  this  test  it  is  also  possible  to  get  an  estiimte 
of  the  sensor  biases. 

The  second  iragnebciteter  calibration  test  is  conducted  with  the  instrument 
z-axis  aligned  horizontally  and  the  plane  determined  by  the  instrument  x-y  axes  ; 

aligned  in  a North-South  direction.  This  test  is  referred  to  as  the  elevation 
scan.  Again  this  test  produces  a sinusoidally-varying  magnetcmeter  signal  for 
each  sensor  axis  of  anplitude  equal  to  the  equivalent  strength  of  tiie  eartJi's 

field  (in  instrjment  counts) . If  the  x and  y axes  are  accurately  aligned  at  | 

the  start  of  the  test,  the  phase  angles  of  the  sinusoids  are  a measure  of  the  j 

I 

dip  angle  of  the  local  earth's  magnetic  field.  Again,  the  biases  of  each  sensor 

are  determined  from  this  test  and  theoretically  should  agree  with  the  value  j 

measured  in  the  aznmuth  scan  test.  Thrs,  however,  is  not  the  case  in  general.  i 

Ihis  section  will  attesnpt  to  theoretically  illuminate  licw  this  difference  arises  j 

and  in  so  doing  show  that  nagnetometer  sensor  misalignment  errors  can  give  rise 
to  this  difference. 

6.1  Modified  Co-ordinate  Conversion  Matrix 

It  can  be  shewn  that  the  only  magnetometer  misalignment  error  that  gives 
rise  to  a sensor  bias  change  during  the  described  calibration  is  if  a sensor  is 
inclined  towards  (or  away  from)  the  body  z-axis.  These  postulated  nagnetometer 
misaligniTEnt  errors  will  be  defined  as  follows: 

e = misalignment  of  x-axis  in  z-axis  direction 
xz  ^ 

= misalignment  of  y-axis  in  z-axis  direction. 

I 

i 
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Qtploying  the  same  Euler  angles  defined  in  section  5,  a new  set  of  co-ordinate 
conversion  matrices  can  be  developed  v^ch  include  the  above  misalignment 
errors.  Equations  (6-1)  tlirough  (6-3)  are  the  three  new  rotation  natrices 
originally  described  in  section  5.  Carrying  out  the  matrix  multiplication 
QRA,  and  assuming  the  c and  e are  small  angles  (such  that  sin  e = e 

X2  yz  XZ  XZ 

and  Ejj^^yz  " ^ resulting  iratrix  equation  (6-4)  results. 


The  earth's  magnetic  field  sensed  by  the  two  magnetonEters  is  given  by  the 
following  equation: 


= CE'\ 


(6-5) 


where  no  z-axis  magnetaneter  is  present  in  the  FVR. 

In  this  case  the  earth's  negnetic  field  vector  is  given  by  tlie  relation: 

Y = 7,  + Y ir,  (6-6) 

' 'h  51  V Z 


where  the  unit  vectors  1 


X 


iy  and  are  earth-fixed  axes  and  defined 


as  shown  in  Figure  14.  Therefore,  the  magnetic  field  sensed  by  tlie  x and  y 
axis  iragnetcmeters  is  given  as  follows  by  expanding  equation  (6-5) : 


5i 


Y = loos  <p  cx>s4>  -sin  tp  cx3s(6+e  ) sin  + e sin  0 sin  ijijy, 

X ^ 

+ [2e  cos  * + e cos(6+e  ) sin  a + sin  * sin(0+t  ) + e cos9]y 

xz  xz  yz  yz  xz  v 


Yy  = [-sin  $ cos  - cos  (})  cos(6+e^^)  sin  tp  + sin  9 sini[;]Vj^ 

+ l“2e^^  sin  <p  + cos  <p  sin(d+e^^)  ® 

(6-8) 

The  actual  output  of  the  two  magnetameters,  in  units  of  instrument  counts,  is 
given  by  the  equation  (5-15). 

In  these  equations  B and  B are  the  electrical  bias  values  (in  counts)  which 

^ y .... 

arise  from  a planned  sensor  scaling.  G and  G are  the  x and  Y’-axis  sensitivities 

X y 

in  such  units  of  counts/  gaitma,  \diere  the  earth's  field  strenuth  iray  range  from 
approximately  30,000  to  60,000  gaintia. 

Plugging  equations  (6-7)  and  (6-8)  into  (5-15)  results  in  the  followinu 
equations  describing  magnetcmeter  output  in  terms  of  Euler  angles  and  sensor 
misalignment  errors; 


M = B + G Yi-  [COS  d)  cos  - sin  (|)  cos  (9  + e ) sin 
xxx  h yz 


+ c sin  0 sin  il]  + G y 12£  cos  4 
xz  X V xz 


+ E cos  (9  + e ) sin  4)  + sin  (ji  sin  (9  + c,^)  + £ cosej 
xz  yz  yz  xz 


and  . . . 


M = B + G Yi.  1“  sin  (t  cos  ijj  - cos  4)  cos  (9  + c,,^)  sin  41 
y y y h ^ yz 

+ sin  0 sin  ip]  + ^”^^xz  ^ ^ ^^yz'  (6-10) 


+ E 00s  0 + e cos  (0  + t ) cos  4’1 
yz  yz  yz 
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6.2 


Azimuth  Scari  Calibration 


1 


If  an  azimuth  scan  calibration  is  carried  out  as  shewn  in  Figure  16, 
the  following  assunptions  can  be  made  which  greatly  sinplify  the  output 
equations  (6-9)  and  (6-lQ)  . 


Figure  16  - "Azimuth  Scan" 

Magnetoneter  Field  Calibration  Setup 

Azimuth  Scan  Assunptions 

(1)  9 = 0°  — >■  sin  0 = 0,  cos  9 = 1 

(2)  (])  = 0°  — >■  sin  Ip  = 0,  cos  (fi  = 1 

(3)  cos  (0  + = 1 

(4)  sin  (0 

(5)  cos  (0  + Ey^)  = 1 

The  resulting  simplified  versions  of  equations  (6-9)  and  (6-10)  are  as 
follows ; 
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M = B + G 

XXX 


lYj^  cos 


<P  + 


3y  e ] 

V xz 


M = B + G sin  ij;  + 3y  e ] (( 

yyy  'h^'vyz 

It  can  be  seen  that  the  output  of  each  sensor  axis  is  a sinusoidal 
term  (varying  with  angle  ’p)  about  the  bias  value  as  tlie  mean.  Ibe  bias  on 
each  axis  is  increased  by  the  follcwing  amount: 


AB„  = 3 G Y e 

X X V xz 


AB  = 3 G Y £ 
y y V yz 


where  Y^  is  a negative  number. 


This  next  section  will  show  that  this  bias  shift  does  not  occur  during 
an  elevation  scan  calibration. 

6.3  Elevation  Scan  Calibration 


The  strength  of  the  total  nagnetic  field  is  measured  along  with  the 
dip  angle  in  the  "elevation  scan"  calibration  test.  The  test  setup  errployed 
is  shown  in  Figure  17.  For  this  test  the  z-axis  is  kept  horizontal  while  the 
X and  y axes  are  incrementally  rotated  through  360  degrees,  stopping  every 
10-degrees  to  record  data  from  all  sensors.  The  x-y  plane  is  aligned  in  a 
magnetic  North-South  direction  using  an  independent,  hand-held  corpass. 


Figure  17 


'Elevation  Scan" 

I^gnetomcter  Field  Calibration  Setup 


For  this 

test,  the  following  assuirptions  are  made: 

(1) 

ip  = 180°  — ^ 

> sin  ip  = 0 cos  1);  = -1 

(2) 

CD 

tl 

.L 

► sin  6 = -l^oos  9=0 

(3) 

vary  (}i 

Substituting  these  values  into  equations  (6-9)  and  (6-10)  indicates 
that  no  constant  bias  shift  arises  in  either  magnetcmeter  sensor  in  an 
elevation  scan  due  to  the  misalignment  errors  assumed. 

Ihe  calibration  data  of  output  versus  rotation  angle  derived  in  botli 
the  azimuth  and  elevation  scan  were  fitted  to  sinusoidal  curves  by  a least 
squares  minimization  process.  The  generalized  form  of  the  equation  is  given 
as  follows ; 

M = counts  = B + C sin  ((|)  + ?)  + R ((p)  (6-15) 

where:  M = instrument  output  in  counts 

B = bias  for  a given  axis 
C = scale  factor  sensitivity 
(p  = rotation  angle  during  calibration 
<;  = phase  angle 

R((}))  = residual  from  curve  fitting  process 

The  results  of  the  above  curve  fitting  for  all  of  the  instrument  cali- 
brations done  at  PMBF  (Kauai,  Hawaii)  are  given  in  Table  9.  The  variation  in 
bias  between  azimuth  and  elevation  scans  allows  tlie  estimation  of  sensor 
misalignnent  by  equations  (6-13)  and  (6-14).  The  variation  of  the  estimated 
dip  angle  during  elevation  tests  allows  the  estimation  of  sensor  misau-ignment 
in  the  x - y plane  (i.e. , x-axis  in  y-direction,  and  ^ nominal 

value  of  39.4°  was  assumed  for  the  dip  angle  taken  from  NAVDCEANO  charts. 

The  residual  RMS  error  from  the  curve-fitting  process  is  given  in  Table  9. 

In  general  this  error  is  neglected  because  it  is  of  small  order.  It  is  given 
for  ocrpleteness  of  data  portrayal.  Interestingly  enough  the  frequency  of 
this  error  is  at  twice  that  of  the  rotation  angle  with  a phasing  which  is  not 
always  uniform  from  unit  to  unit.  The  source  of  this  periodic  residual  is 
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rnl 


~rAe,LE  9 


unclear  and  net  explained  by  the  earlier  math. 

Magnetic  anataly  charts  for  the  MDE  test  area  were  enployed  to  estimate 
the  FVR  iragnetcmeter  scale  factor  change  at  the  test  area  relative  to  that  at 
the  calibration  site.  scale  factors  were  derived  - one  for  experiments 

1,  2 and  3 ani  another  for  experiment  5,  ewing  to  a different  (shallower) 
location.  These  factors  and  all  of  the  pertinent  magnetometer  erros  are  given 
in  Table  10. 

These  equations  derived  earlier  in  tiiis  section  do  not  use  the  magnet- 
cxneter  misalignment  errors  in  the  x— y plane.  In  order  to  include  ttese  errors 
in  the  analysis,  it  is  necessary  to  further  revise  the  matrices  (6-1)  through 
(6-3  vhich  gives  rise  to  even  more  messy  matixaratics  to  achieve  a precision 
that  itay  seem  unwarranted  in  light  of  the  goals  of  the  MDE,  The  lc>,7  frequency 
average  EXiler  angles  derived  for  archiving  did  not  correct  for  the  misalignment 
errors  described  in  Table  10. 

Vhen  the  real  FVR  ocean  data  fron  the  Hawaii  experiments  were  analyzed  it 
was  found  that  the  instrument  biases  had  changed  from  the  values  they  exhibited 
during  calibrations.  Each  instrument  exhibited  a different  bias  value  in  each 
experiment.  Vithin  a given  experiment  none  of  the  bias  changes  vrere  the  same. 

The  changes  were  obvious  in  the  data  because  the  accelercmeters  indicated  the 
angle  of  the  body  x-y  plane,  but  the  magnetoneter  data  was  far  different  than 
expected  under  the  specific  circumstances.  It  was  not  knewn  exactly  why  all 
the  variations  occurred.  Later  data  analysis  and  tests  indicated  that  the  sensor 
scale  factors  did  not  change  significantly.  Laboratory  tests,  hewever,  indicated 
that  slight  variations  in  the  location  of  wire  bundles  within  the  FVR  can  give 
rise  to  small  nagnetemeter  bias  changes  and  even  smaller  scale  factor  chanejes. 

It  was  also  suspected  that  the  following  might  help  explain  the  problem: 

OD  the  local  magnetic  ancnalies  in  the  ocean  itself , wliich  eure  not 
revealed  in  t-JAVOCEANO  charts,  could  give  rise  to  the  observetl 
bias  changes.  This  could  be  true  because  the  charts  are  derived 
by  filtering  the  data  frem  aeronagnetic  surveys.  Limited  detailai 
subsurface  magnetic  data  indicates  horizontal  gradients  in  the 
magnetic  field  strength,  but  less  than  the  observed  chancTCS  in 
output. 
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(2)  the  instruments  cxiuld  be  retaining  a residual  nagnetic 
field  from  the  lab,  the  ship,  their  ON/OFF  magnet,  or 
other  unknown  source. 

Ongoing  instrument  tests  will  hope  to  pin  down  the  full  nature  of  the 
problem. 

In  order  to  arrive  at  a best  estimate  of  tie  new  bias  values  for  the 
MDE  data,  a new  analysis  was  carried  out.  All  of  the  FVR  experiment  data 
were  scanned  for  portions  representing  conditions  in  wiiich  the  x-y  plane  of 
the  FVR  body  axes  vas  very  close  to  being  horizontal  (i.e.,  within  as 
indicated  by  the  accelerometer  data.  For  these  cases  the  extremes  of  the 
magnetcr.Teter  data  output  were  noted.  The  expected  output  from  the  magnet- 
ometers as  a function  of  the  accelerometer-derived  Euler  angles  and  an  unknown 
azimuth  angle  was  described  analytically.  The  simulataneous  analysis  of  two 
azimuth  data  points  for  the  two  sensors  gave  four  equations  in  the  four  unknowns: 

A^2*  \ snd  ^ are  the  new  and  unknown  biases  and  A^^  and  A^2 

are  the  azimuth  rotations  for  the  two  data  points  selected.  Many  combinations 
of  data  points  for  each  instrument  were  analyzed  and  a best  estinate  of  the 
biases  derived.  In  most  cases  the  use  of  many  different  data  point  combinations 
produced  a convergent  solution  to  the  same  answers.  The  resulting  estimates 
of  sensor  biases  and  instrument  counts  when  pointing  horizontal  h.e.,  m^  and 
are  given  in  Table  11  for  experiments  1,2,3,  and  5 respectively  for  tlie 
four  FVRs  displaying  serial  numbers  R/M)  Fl,  F2,  F3,  and  F4.  From  the  data 
presented  in  these  tables,  the  non-dimensionalized  magnetometer  output,  are 
derived  as  follows: 


’!k_: 


m _,  - ^ 


Y m - B 

= -X ^ 

v,  m , - B 

'h  yh  X 

v^iere:  m^,  m^  = x 6i  y axis  sensor  output  (Counts) 

E , E = X & y axis  bias  value  (Counts) 

X y 

’’^xh'  "'yh  ” ^ * y axis  sensor  counts  vdien  sensor  is  horizontal  and 
pointing  in  a magnetic  nortii  direction  (Counts) . 


(6-16) 


(6-17) 
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Tnese  non-dimensionalized  quantities  are  those  vAiich  are  archived  on  the 
I iigineering  unit  tapes  and  employed  in  estinating  the  azimuth  rotation  Euler 
angles  by  equations  (5-20)  and  (5-21) . 

Table  11 


MDE  - Magnetcroeter  Calibration  Data  Sunmary 


Experiment 

01: 

S/N 

B 

X 

(Counts) 

B (Counts) 

y 

m , (Counts) 

m^j^  (Counts) 

FI 

521.7 

530.3 

363.29 

345.9 

F2 

539.6 

567.7 

361.13 

348.25 

i'3 

576.5 

524.1 

397.7 

315.23 

F4 

552.0 

505.3 

375.56 

307.28 

F.xfoeriment 

02; 

FL 

548.0 

502.5 

389.59 

318.10 

F2 

534.0 

527.5 

355.53 

308.05 

i 3 

690.0 

426.0 

511.20 

217.13 

F4 

559.0 

515.5 

382.56 

316.98 

e:  xperiment 

03: 

FI 

514.2 

538.5 

355.78 

354.09 

F2 

517.0 

478.3 

338.53 

258.85 

i’i 

386.5 

472.4 

207.7 

263.53 

Fl 

543.0 

506.3 

366.56 

308.28 

I'ixperiment 

Fl 

05: 

531.5 

505.0 

377.99 

322.82 

1'2 

535.0 

508.1 

358.67 

291.29 

r 3 

372.5 

440.5 

195.84 

234.13 

14 

524.0 

502.0 

349.67 

306.36 

7.0  ARCHIVED  DATA  TAPE  CONTENTS 

The  four  following  types  of  Draper  Lab/MDE  data  tapes  vgere  archived  with 
the  data  aligned  in  coluitns  as  shown; 

(1)  Low  Frequency  Tenperature/Pressure  Recorders  (LPTP)  data: 

Data  Colurm  Data  ttord  (see  Appendix  B) 


1 

2 

3 

4 

5 

6 
7 


Time  (minutes  since  instrunent  tum-on  at  1550  2 

on  27  September  1976 

Instrument  Time  Count  (see  TAble  B-2) 

Depth  (meters) 


Pressure  Offset  (i.e.,  bias) 
Calibration  Reference  Voltage 
Identification  Nimber 
Temperature 


DATA  NOT  NEEDED 
IN  MODEL 
VERIFICATIOJ 


{°C) 


(2) 


High  Frequency  Tenperature/Pressure  Recorders  (HTTP)  data: 


Data  Column 

1 

2 

3 

4 

5 

6 
7 


Data  tferd  (see  Appendix  B) 

Time  = T (Seconds  since  begiiining  of  burst-1) 

Instrument  Time  Count  (see  TAble  B-1) 

Tonperatiure  at  time  T 

Pressure  at  time  T 

Pressure  at  time  T + .48  sec. 

Pressure  at  time  T + 1.04  sec. 

Pressure  at  time  T + 1.52  sec. 
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(3)  Force  Vector  Recorder  (FVR)  data; 


Data  Colunn 


Data  Word  (see 


ndix  C) 


Time  (Seconds  since  beginning  of  burst-1) 
Frame  Comt  (0  to  63) 

Mooring  Line  Tension  (Pounds) 


Specific  Force,  f^  (g's) 
Specific  Force,  f^  (g's) 
Specific  Force,  f^  (g's) 


(4)  Low  Frequency  Euler  Angle  Tape  (fran  FVR  data) ; 


Data  Column 


Data  Word 

Number  of  frames  used  in  average 

Time  at  middle  of  averaging  interval  (seconds 

since  start  of  burst-1) 

Average  Tension  (Pounds) 

Average 

Average 

Average  specific  force,  f^  (g's) 

Average  specific  force,  f^  (g's) 

Average  specific  force,  f^,  (g’s) 

Average  Euler  angle,  iji  (dcjgrees)  (see  Fig.  15) 

Average  Euler  angle,  o (degrees)  (sec  Fig.  15) 

Average  Euler  angle,  s'  (degrees)  (see  Fig.  15) 
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It  should  be  re— enphasized  that  the  following  archived  records  are 
inccnplete  or  faulty  for  the  reasons  given.  These  same  data  gaps  can  be 
ascertained  by  examining  the  connent  portions  of  Tables  2 through  5 under 
instrument  sumnary. 


Experiment 

Instrument 

Problem 

Bursts 

Nature  of  Problen 

CM  Mooring 

LFTP  S/N  84 

all 

Recorder  unlatched 

1 

FVR  S/N  F2 

5-end 

x-axis  accelercmeter 
failure 

1 

HPTP  S/N  93 

all 

Instrument  denth  at 
extreme  of  sensor 
range  producing  clipped 
signal  in  presence  of 
dynamics 

2 

HTTP  S/N  93 

2 2 -end 

Data  breakup  due  to 

recorder  profjlem 
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APPilOIX  A 


Surmary  of  Averaged  T/P  Field  Data 

Ihis  section  contains  an  average  value  from  all  of  the  HETlPs 
(tenperature  and  depth)  during  every  burst  of  the  Mooring  Dynamics 
Ejperiment.  Furthermore,  it  also  contains  an  average  value  for  every 
hour  that  the  LFTPs  were  deployed.  These  data  are  given  in  Tables  A-1 
through  A-22. 
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APPENDIX  B 

T/P  Timing,  Calibrations  and  Word  Structure 

For  users  of  the  arcliived  data  from  TPs  it  is  useful  to  know  how  tlie 
data  on  the  archived  tapes  were  derived.  Tables  B-1  and  B-2  contain  eJtplan- 
aticns  of  the  time  counts  on  the  HtTP  and  LfiP  respectively. 

The  data  are  processed  in  two  stages.  First,  the  sea  instrument 
cassettes  are  copied  bit-for-bit  onto  an  IBM  oorpatible  7-track  tape 
(at  800  characters  per  inch) . The  manner  of  packing  of  a single  frame  of 
^/P  data  (96  bits)  on  this  intermediate  tape  is  given  in  Tables  B-3  and 
B-4  for  the  ETOPs  and  IfTPs,  respectively.  The  final,  archived,  tape  is 
generated  fron  the  intermediate  tape  by  a special  PI/I  language  ocrputer 
program.  The  archived  data  is  written  in  a siirple  FORTRAN-ccrpatible 
format,  given  in  Table  B-5. 

In  order  to  have  the  HFTPs  strobe  in  close  synchronism  with  the  FVRs 
it  is  necessary  to  artifically  delay  their  start  by  5.12  seconds  (see  section 
4.4).  The  timing  after  this  follows  a repeating  history  where  the  first 
temperature  and  pressure  word  are  strobed  .08  seconds  later.  Sut>sequently 
tenperature  is  sanpled  every  frame  (i.e.,  2.08  seconds)  while  in  between 
pressure  is  saripled  on  the  average  every  0.52  seconds.  In  fact,  tlie  time  of 
the  pressure  word  (after  the  first  strobe/frame)  increments  by  0.48  seconds, 
0.56  seconds,  0.48  seconds,  and  finally  by  0.56  seconds  - for  a total  of 
2.08  seconds  per  frame.  The  time  word  on  the  HFTP  data  tapes  will  reflect 
this  fact. 

The  archived  data  from  the  TA*s  contain  tenperature  and  depth  informa- 
tion in  °C  and  meters  respectively.  The  tenperature  data  are  a direct  result 
of  the  calibrations  themselves.  The  depth  data  are,  however,  calculated  from 
the  pressure  data  in  order  to  be  presented  in  a form  directly  useful  for  model 
verification.  For  those  data  users  wishing  to  recreate  the  basic  pressure 
word  or  possibly  then  recreate  a new  depth  estimate  based  on  a new  model  of 
the  pressure-depth  relationship  the  relationship  that  was  used  in  deriving  the 
archived  depth  words  is  given  by  equation  (B-1).  In  (B-1)  the  following 

values  _ 0 

D = P + C2  P^  (B-1 

for  and  C2  eu:e  assvmed: 

92 


= .68372608 

C2  = -9.50103555  x lO"^ 

Ihe  units  of  P are  psig  (pounds  per  square  inch  above  an  assumed  atmospheric 
pressure  of  14.473  pour»is  per  square  inch  or  29.6  inches  of  mercury  at  23°C) 
and  the  units  of  D are  in  meters. 
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LOW -rK€OU£McV  temperature - 

PRESSURE  BECORDER 

TFA  Format 
-rAB.L.E  A 


TABLE  B-5 


Data  Fomiat  for  Tenperature/Pressure  Recxarders 


HTTP  Archived  Data  Format: 

POFiTRAN  FORmT 

F 11.2 
I 11 
F 11.6 
4 F 11.6 
3 X 


DESCRIPTION 

Time  (sec.  after  start  of  first  burst) 
Time  comt 
Tanperature  (°C) 

Depths  (m. ) 

(Blanks  to  make  80  characters) 


LFTP  Arcliived  Data  Format; 


I 11 
I 11 
F 11.3 
I 11 
I 11 
I 11 
F 11.6 
3 X 


Time  (mins,  after  instrument  start)* 
Time  Count 
Depth  (m.) 

Pressure  Offset 
Reference 
I.  D. 

Temperature  (°C) 

(Blanks  to  make  80  characters) 


* Instrument  started  at  1530  Z on  27  September  1976. 


NOTE; 

In  both  cases  tape  attributes  are; 

7-TracJcs,  Even  parity 
800  BPI 

80  BCD  characters  per  logical  record 
1600  BCD  characters  per  physical  record  (block) 
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APPENDIX  C 


FVR  Timing,  Calibration,  and  Wbrd  Structure 

The  overall  burst  timing  of  the  FVR  is  given  in  T^le  6 with  1810, 
6-vord  francs  (plus  time)  per  burst,  Tte  timing  of  each  FVR  frame  is, 
hcvever,  taken  at  0.08  seocaids  into  the  0.52-secorKi  burst.  Each  of  the 
6 ciata  channels  is  simultaneously  strobed  and  fed  to  a sanple  and  hold 
circuit  from  which  the  data  are  sequentially  read  onto  the  magnetic  tape 
cassette.  Figure  C-1  shews  the  manner  in  viiich  th^  data  are  packed  on  the 
cassette  tape.  Notice  that  the  first  frame  of  eac'.  burst  is  time  and  frame 
count.  Each  succeeding  frame  contains  real  data.  Wheii  the  data  are  finally 
placed  on  the  7-track  t^)e  the  Tape  Poniat  Adapter  (IFA)  the  first  and 
succeeding  frames  of  each  burst  are  packed  as  shown  in  Figures  C-2  and  C-3 
respectively.  It  should  be  observed  that  the  frame  count  is  a 6-bit  word 
and  thus  increiTEnts  from  0 to  63  and  is  then  reinitialized,  Ihese  raw  data 
(in  units  of  instrument  counts)  are  then  oenverted  to  engineering  units  by 
using  the  magnetometer  calibration  values  shown  in  Table  10  and  the  load  cell 
and  accelerometer  calibrations  shown  in  Table  C-4.  Ihe  resulting  basic 
engineering  unit  archived  data  tapes  contain  the  following  data  columns; 

Time  (since  the  beginning  of  tte  first  burst) , 
frame  count  (0  to  63) , tension  (pouixds) , 

, ^y/  , f (g's),  f (g's),  and  f (g's)  . 

'h  /^h  X y z 

The  non-dimensionalized  magneteneter  data  are  derived  by  applying 
aquations  ( 5-17 ) . 
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TABLE  C-5 


PVR  Archived  Data  Format: 

FORTRAN  FORMAT 

DESCRIPTION 

F 11.2 

Time  (sec.  after  start  of  ; 

I 8 

Time  Count 

F 11.4 

Tension  (lbs.) 

F 10.6 

V^h 

F 10.6 

V^h 

F 10.6 

“ specific  force^ 

F 10.6 

fy  (g's)  = specific  force^ 

F 10.6 

(9's)  = specific  force^ 

NOTE: 

Tape  attributes  are  the 

sane  as  for  TA’'s  (see  Table  B- 

TABLE  C-6 

FVR  Euler  Angle  Archived  Data  Format: 

PORTRAt^  PORr>lAT 

DESCRIPTION 

I 10 

Number  of  frames  averaged 

F 11.2 

Time  at  mid-average  (sec.  i 
instrument  start) 

F 11.4 

Tension  (lbs.) 

F 11.6 

F 11.6 

V^h 

F 11.6 

fjj  (g's) 

F 11.6 

fy  (g’s) 

F 11.6 

(9's) 

F 11.2 

<j!  (deg.) 

F 11.2 

e (deg.) 

F 11.2 

1^/  (deg.) 

Tape  attributes  are:  7-TracJa, 

Even  parity 

800  BPI 

120  BCD  characters  per  logiccil  record 
1200  BCD  characters  per  physical  record  (block) 
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